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The hermaphroditic freshwater clam Corbicula leana reproduces by androgenesis. In the control (androgenetic develop-
ment), all maternal chromosomes and maternal centrosomes at the meiotic poles were extruded as the two first polar bodies,
and subsequently, second meiosis did not occur. But, in C. leana eggs treated with cytochalasin D (CD) to inhibit polar body
extrusion, the second meiosis occurred. At metaphase-I, the spindle showed the typical bipolar structure and two spheroid
centrosomes were located at its poles. All the maternal chromosomes were divided at anaphase-I, but they were not
extruded as polar bodies due to the effects of CD. After completion of first meiosis, the maternal centrosomes split into four.
At the second meiosis, twin or tetrapolar spindles were formed and two groups of maternal chromosomes divided into four
sets of chromosomes. After the second meiosis, the spindle disassociated and the four maternal centrosomes disappeared.
Four groups of maternal chromosomes transformed into the four female pronuclei. Male and female pronuclei became
metaphase chromosomes of the first mitosis. The present study clearly indicates that typical meiosis systems still proceed
in androgenetic triploid C. leana. We conclude that the androgenetic form may have arisen from the meiotic
form. © 2002 Elsevier Science (USA)
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Our previous studies (Komaru et al., 1998) showed that
the hermaphrodite C. leana reproduces by androgenesis: all
maternal chromosomes are extruded as two polar bodies by
one division. Only one male pronucleus, derived from
nonreductional sperm (Komaru et al., 1997), constitutes the
chromosomes for mitosis of the zygote.
Subsequent to the polar body formation, no spindle was
organized and second meiosis was not observed, because
not only all the maternal chromosomes but both centro-
somes at the second meiotic poles were extruded (Komaru
et al., 2000).
The androgenetic clam may have arisen from the ances-
tral meiotic form. If this hypothesis is correct, the cell cycle
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may still be active. To test this hypothesis, we treated the
eggs with cytochalasin D (CD) to inhibit polar body forma-
tion and retain the meiotic centrosomes and chromosomes
in the egg cytoplasm in order to test whether the second
meiotic division would occur.
MATERIALS AND METHODS
Spawning Induction
C. leana samples were collected from an irrigation canal in
Ichishi-cho, Mie Prefecture, Japan, in June 1999. Spawning was
induced by raising the water temperature from 20 to 26°C (Komaru
et al., 2000). The eggs were released into the inner demibranch or
into the water from the exhalant siphon (Ikematsu and Yamane,
1977). We used eggs spawned from the exhalant siphon in this
study.2319527. E-mail: komaru@bio.mie-u.ac.jp.37
Cytochalasin D (CD) Treatment
CD (10 mg) (Aldrich Chemical Co.) was dissolved in 1 ml
dimethyl sulfoxide as a stock solution. The stock solution was
diluted to a concentration of 1 g/ml. The eggs obtained from two
individuals were combined and divided into two portions. The eggs
were treated with CD 10 min after spawning and were allowed to
develop at 26°C until fixation with 99% cold ethanol. Untreated
eggs were used as a control and were fixed with the same fixative.
-Tubulin Antibody Whole-Mount
Immunocytochemistry
The fixed eggs were rinsed with phosphate-buffered saline con-
taining 0.05% Tween 20 (PBS-T), and incubated for 24 h at 4°C
with the primary -tubulin antibody (Amersham Life Sciences,
Buckinghamshire, UK; N 356) diluted to 1:1500. The eggs were
then rinsed with PBS-T three times, and then incubated for 24 h at
4°C with the secondary antibody, rabbit anti-mouse IgG conjugated
with peroxidase (DAKO, Carpinteria, CA; code P 0161) and diluted
to 1:50 for 24 h at 4°C. The color development of peroxidase was
performed with the Dako liquid diaminobenzidine substrate
Chromagen system (DAKO; code K 3465). The eggs were observed
by using light microscopy (Komaru et al., 2000).
Eggs were also stained with FITC-conjugated goat anti-mouse
IgG (Biosource International Tago Immunologicals, CA; AMI 3408)
for 24 h at 4°C, and stained with DAPI (0.25 g/ml).
-Tubulin Antibody Whole-Mount
Immunocytochemistry
In order to observe the centrosomes, the fixed eggs were incu-
bated for 48 h at 4°C with a mouse monoclonal anti-  -tubulin
antibody (Sigma, St. Louis, MO; code T 6557) diluted to 1:1500,
rinsed three times with PBS-T, then incubated with the secondary
antibody and substrate described mentioned above.
RESULTS
Normal Androgenetic Development
in Control Eggs
The frequency distribution stages from metaphase-I of
meiosis through first cleavage in control eggs is shown in
Table 1. Just after spawning, most eggs were in metaphase-I
at 10 and 20 min. Metaphase chromosomes were observed
at the periphery of the eggs. At 30 min (Fig. 1A), 89.1% of
eggs showed anaphase figure. At 45 min, all meiotic chro-
mosomes were extruded as two polar bodies and observed as
two condensed masses of chromatin (Fig. 1B; 73.8%). In
these eggs, no female pronucleus formed and only one male
pronucleus was present in the egg cytoplasm. This male
pronucleus started to enlarge at 60 min (Fig. 1C; 83.5%) and
became metaphase chromosomes at first cleavage at 75
min. Most eggs were at anaphase of first cleavage at 90 min
(Fig. 1D; 71.3%) and formed two cells at 105 min.
CD Treatment
Figures 1E–1H show the chromosome behavior of the
CD-treated eggs. Table 2 shows the frequency distribution
of the developmental stages of these eggs. As observed in
the control, at 20 min, most eggs were at metaphase-I. At 30
min, most eggs were at anaphase-I (Fig. 1E; 82.1%). The
chromosomes were segregated into two groups. At 50 min,
the two groups of chromosomes separated into four groups
chromosomes as a result of second meiosis (Fig. 1F; 52.4%).
At 60 min, the four female pronuclei and one male pro-
nucleus were formed. At 80 min, male and female pro-
nucleui started to enlarge in most eggs (Fig. 1G; 55.2%). At
90 min, all five of these pronuclei formed a single group of
metaphase chromosomes for the first cleavage (Fig. 1H;
61.7%).
TABLE 1
Chromosome Behavior of the Androgenetic Clam C. leana Eggs in Control
Stages (%)
Time after spawning (min)
10 20 30 45 60 75 90 105
M-I (unfertilized) 28.8 4.2 5.0 2.5 6.2 1.7 1.0 2.0
M-I (fertilized) 68.5 93.0 0.9
A-I 89.1 18.7
PB formation 2.5 73.8 7.2 1.7
MP expand 83.5 36.2
Metaphase of first cleavage 53.4 3.0
Anaphase of first clevagae 71.3 14.4
Two cells 21.7 79.8
Others 2.7 2.8 2.5 5.0 3.1 7.0 3.0 3.8
Number of eggs 73 72 120 80 97 58 101 104
Note. M-I, metaphase of first meiosis; A-I, anaphase of first meiosis MP: male pronucleus; PB, polar body.
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FIG. 1. (A–D) Normal development of androgenetic clam eggs stained with DAPI in C. leana in the control. (A) Anaphase-I at 30 min after
spawning. Arrow indicates male pronucleus. (B) Polar body formation at 45 min. Arrowheads indicate polar bodies. (C) Male pronucleus expanded
at 75 min. (D) Anaphase of first cleavage at 90 min. (E–H) Chromosome behavior in eggs treated with CD and staind with DAPI. (E) Anaphase-I
at 30 min. Arrow indicates male pronucleus. (F) Anaphase-II at 50 min. Arrow indicates male pronucleus out of focus. (G) One male and four
female pronuclei expanded at 80 min. (H) Metaphase of first cleavage at 90 min. (I–L) -Tubulin staining pattern from metaphase-I to metaphase
of first cleavage of eggs treated with CD. (I) Metaphase-I at 10 min. (J) Metaphase-II at 40 min (twin spindle). (K) Metaphase-II at 40 min (tetrapolar
spindle). (L) Metaphase of first cleavage at 80 min. (M–P) Centrosome behavior from metaphase-I to metaphase of first cleavage in eggs treated
with CD. (M) Metaphase-I at 10 min (two centrosomes). (N) Metaphase-II at 45 min (four centrosomes). (O) Centrosome disappeared at 70 min.
(P) Metaphase of first cleavage at 80 min (two centrosomes). (A–H) Scale bar, 50 m. (I–P) Scale bar, 25 m.
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Spindle Formation at Second Meiosis
in the CD-Treated Eggs
Figures 1I–1L show the changing pattern of -tubulin
staining in the CD-treated eggs from meiosis to the first
cleavage. Table 3 summarizes the frequency distribution of
spindle formation. At 10 min, the spindle showed the
typical bipolar structure and the axis of the spindle was
parallel to the egg surface, because both asters were located
just beneath the egg cortex (Fig. 1I). After the first meiosis,
two patterns of spindle formation were observed at 40 min.
As shown in Fig. 1J, 30.6% of eggs showed a twin spindle
oriented near the egg cortex and 33.9% of eggs showed a
tetrapolar spindle (Fig. 1K). After segregation of the chro-
mosomes at second meiosis, the spindles disassociated and
became invisible at 60 min. At 80 min, the mitotic spindle
reappeared and showed a typical bipolar structure (Fig. 1L).
Pole to Pole Distance of the Spindle
Fig. 2 shows the distance between spindle poles in eggs
treated with CD. At metaphase-I, the average pole to pole
distance in the spindle was 27.40  2.19 m (n  6). At
metaphase-II, the average pole to pole distance in each twin
spindle was 20.26  1.69 m (n  12) (Fig. 2A) and the
average pole to pole longest distance between spindles was
32.40  5.11 m (n  6) (Fig. 2B). On the other hand, in the
tetrapolar spindle, the shortest distance was 15.17  1.06
m (n  5) (Fig. 2C) and the longest was 21.59  2.07 m
(n  5) (Fig. 2D). It is clear that the longest distance
between poles of twin spindles was greater than the longest
distance between poles of tetrapolar spindles. These obser-
vations suggest that tetrapolar spindles will form if the
centrosomes happen to be close to each other, and twin
spindles will form when they are farther apart.
TABLE 2
Chromosome Behavior of C. leana eggs Treated with CD
Stages (%)
Time after spawning (min)
10 20 30 40 45 50 60 70 75 80 90
M-I (unfertilized) 28.8 7.4 5.1 5.7 6.8 2.4 3.8 5.0 4.8 4.5 5.0
M-I (fertilized) 68.5 87.7 7.7
A-I or M-II 82.1 77.2 56.9 38.1
A-II 11.4 29.5 52.4 19.2 12.5
Pronucleus formed
2FP1MP 5.8 10.0 11.1 13.4
4FP1MP 67.4 70.0 41.3 17.9
Pronucleus expand 36.5 55.2
Metaphase of first cleavage 61.7
Anaphase of first clevagae 30.0
Others 2.7 4.9 5.1 5.7 6.8 7.1 3.8 2.5 6.3 9.0 3.3
Number of eggs 73 81 39 35 44 42 52 40 63 67 60
Note. M-I, metaphase of first meiosis; A-I, anaphase of first meiosis; M-II, metaphase of second meiosis; A-II, anaphase of second meiosis;
MP, male pronucleus; FP, female pronucleus.
TABLE 3
-Tubulin Pattern from Metaphase-I to the First Cleavage in C. leana Eggs Treated with CD
Stages (%)
Time after spawning (min)
10 20 30 40 45 50 60 70 75 80 90
M-I 100.0 87.0 53.9 11.3 5.9 6.1 2.0 4.3 1.7 4.9 2.6
A-I 13.0 46.1 24.2 8.8 7.7 5.7 4.3
M-II or A-II
Twin spindle 30.6 39.7 35.4 13.5 6.5 1.7
Tetrapolar spindle 33.9 45.6 40.0 17.3 4.3 10.3 2.4
Tubulin invisible 10.8 61.5 76.3 55.3 19.5 13.2
Metaphase of first cleavage 4.3 31.0 73.2 84.2
Number of eggs 38 54 63 62 68 65 52 46 58 41 38
Note. M-I, metaphase of first meiosis; A-I, anaphase of first meiosis; M-II, metaphase of second meiosis; A-II, anaphase of second meiosis.
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Centrosome Behavior in the CD-Treated Eggs
Figures 1M–1P and Table 4 summarize the centrosome
behavior from meiosis to the first cleavage in CD-treated eggs
stained for -tubulin. At 10 min, both centrosomes at the
meiotic pole of metaphase-I were located near the egg cortex
(Fig. 1M). The two centrosomes split into four after
metaphase-I (Fig. 1N). The size of centrosomes at metaphase-II
(1.71  0.12 m; n  16) was significantly (P  0.01) smaller
than those at metaphase-I (2.26  0.15 m; n  16). The
resultant four centrosomes became poles of the tetrapolar or
twin spindles at 45 min (87.8%). At 45 min, the paternal
centrosomes were not observed. At 70 min all four maternal
centrosomes had disappeared (Fig. 1O; 78.6%). At 80 min, two
centrosomes had appeared and organized into the spindle for
the first cleavage (Fig. 1P; 90.3%).
DISCUSSION
In surf-clam (Longo and Anderson, 1972; Kuriyama et al.,
1986) and oyster (Komaru et al., 1990; Guo et al., 1992;
Longo et al., 1993), cytochalasin B-treated eggs did not
extrude the polar bodies. In these CB-treated eggs, the
maternal chromosomes divided into two groups by
metaphase-I. Subsequently, the two sets of chromosomes
segregated into four groups by the second meiosis. These
four sets of maternal chromosomes became the four female
pronuclei in cytochalasin treated eggs.
In the androgenetic clam C. leana, only one division
resulted in the two polar bodies, including all maternal
chromosomes and centrosomes. Subsequently, meiosis was
not observed (Komaru et al., 2000). In the present study,
when we inhibited the polar body formation by CD, both
centrosomes at the meiotic poles and the maternal chromo-
somes remained in the egg cytoplasm.
The two centrosomes (Fig. 1M) split into four (Fig. 1N)
after the first meiosis and organized into twin (Fig. 1J) or
tetrapolar (Fig. 1K) spindle at second meiosis. As evidence
of second meiosis, two groups of chromosomes on the twin
spindle or tetrapolar spindle divided into four groups of
chromosomes as shown in Fig. 1F. Just after the second
meiosis, the four female pronuclei and one male pronucleus
formed as observed in CB-treated surf clam (Longo and
Anderson, 1972). These five pronuclei (Fig. 1G) became the
metaphase chromosomes for the first cleavage in the
present study (Fig. 1H). The present study clearly demon-
strate that the second meiosis proceeds normally when the
chromosomes and centrosomes remained in the egg cyto-
plasm after CD treatment.
The two maternal centrosomes in CD-treated eggs re-
mained in the cytoplasm after first meiosis and split into
four. The resultant four centrosomes had equal ability to
nucleate the microtubules and organize the two patterns of
spindle for the second meiosis; independent twin spindles
and tetrapolar spindle were observed. These spindle pat-
terns may depend on the distance between the centrosomes
judging from the data.
Both maternal and paternal centrosomes occurred in the
same egg cytoplasm in CD-treated Corbicula eggs. However,
only the maternal centrosomes were visible during meiosis.
No paternal centrosomes and sperm aster could be observed.
After the second meiosis, the maternal four centrosomes
disappeared (Fig. 1O) and no paternal centrosomes were evi-
dent. At the early stage of mitosis, the two centrosomes for
the first mitosis reappeared. As Komaru et al. (2000) observed
FIG. 2. Schematic representation of pole-to-pole distance of twin
spindle or tetrapolar spindle at metaphase-II in C. leana eggs
treated with CD. (A) Pole to pole in the spindle. (B) Longest
distance between the twin spindle. (C) Shortest distance in the
tetrapolar spindle. (D) Longest distance in the tetrapolar spindle.
TABLE 4
Centrosome Behavior from Metaphase-I to the First Cleavage in C. leana Eggs Treated with CD
Stages (%)
Time after spawning (min)
10 20 30 40 45 50 60 70 75 80 90
M-I (two centrosomes) 100.0 100.0 36.6 21.4 6.1 2.8 6.7 2.6 3.0
M-II (four centrosomes) 63.4 78.6 87.8 61.1 16.7 3.6 2.6 3.2
Centrosome disappeared 6.1 36.1 76.6 78.6 66.7 6.5
First cleavage (two centrosomes) 17.8 28.1 90.3 97.0
Number of eggs 32 36 41 28 33 36 30 28 39 31 33
Note. M-I, metaphase of first meiosis; M-II, metaphase of second meiosis.
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in androgenetic C. leana, the centrosomes for the first mitosis
should be of paternal origin since maternal centrosomes at the
meiotic poles are extruded with the polar bodies. During
meiosis, the paternal centrosomes was inactive, as has also
been observed in other species, including bivalves (Wu and
Palazzo, 1999; Stephano and Gould, 2000). After the comple-
tion of meiosis in the CD-treated C. leana eggs, the maternal
centrosomes were presumably inactivated. Inactivation of
maternal centrosomes after meiosis despite retention in the
egg was also demonstrated in starfish eggs by Sluder et al.
(1989), who used micromanipulation to displace the spindles
into the deeper cytoplasm.
Meiosis of the zygotes is regulated by the cyclic rise and
fall of the maturation promoting factor (Kishimoto, 1988).
MPF activity (cdc kinase activity) increases at the time of
the metaphase of the first and second meiosis and decreases
after each polar body formation (Swenson et al., 1989;
Russo et al., 1996; McDougall and Levasseur, 1998). This
cyclic change of the MPF level controls meiosis. The factor
regulating second meiosis may not be essential in androge-
netic clams since all the maternal chromosomes and cen-
trosomes are extruded as first polar bodies. However, the
present study suggests that the factors regulating the sec-
ond meiosis are still active when the maternal centrosomes
and chromosomes are retained in the zygotes. The further
study on MPF level in androgenetic clam is necessary to
confirm the hypothesis.
Avis et al. (1992) inferred that clonal animals such as
those reproduce by parthenogenesis (gynogenesis), arise
from bisexual species. It is suggested that the androgenetic
C. leana also may have recently originated from a form
with normal meiosis, so the system of second meiosis is
still present even though it is no longer needed. Since the
factors regulating the second meiosis may be free from
functional constraints, the factors will eventually fail to
operate due to mutation in a long run.
We suggested that androgenetic clam could have arisen
from the bisexual form by mutations affecting the spindle
orientation during the first meiotic division (Komaru et al.,
2000). For example, mutation might cause both spindle
poles, instead of only one, to be anchored to the cortex at
the first meiotic division. Androgenetic C. leana is a
triploid species judging from karyotypes (Okamoto and
Arimoto, 1986). The elevation of ploidy levels from diploid
to triploid may have taken place after androgenesis arose
(Komaru and Konishi, 1999; Komaru et al., 2000). We
observed the accidental formation of female pronucleus in
the zygotes from diploid androgenetic clam (Komaru et al.,
2001). It is likely that the ploidy levels may elevate by
formation of haploid female pronucleus from diploid to
triploid in androgenetic clam by this process.
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